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The inferior colliculus of the midbrain tectum processes ascending and descending acoustic infor mation and integrates the auditory system with the motor and other sensory systems . Possibly in correspondence with such extensive synaptic activity, the inferior colliculus is conspicuous among blood-brain barrier structures for having the largest microvascular blood volume (Cremer et al., 1983 ) and the highest rates of blood flow (Landau et al., 1955; Sakurada et al., 1978) , blood-brain influx of glucose and amino acids (Cremer et al., 1983; Hawkins, 1986) , and tissue glucose metabolism (Sokoloff et al., 1977) .
The inferior colliculus has a complex cytoarchi tectonic organization of some 20 subdivisions . This topography of cell suggests that estimates of capillary density can be made from measurements of tissue glucose metabolism within this structure under normal conditions. Microvascular blood volume and transcapillary flux of a neutral amino acid, u-aminoisobutyric acid, were homogeneous throughout the colliculus. The studies demonstrate quan titatively in a single brain nucleus a close correspondence between cytoarchitecture, richness of the capillary bed, and complexity of neural activity (inferred from local measures of glucose metabolism and blood flow). Such relationships were suggested by Craigie 67 years ago. Key Words: Blood-brain barrier-Blood flow-Blood volume-Central nucleus-Morphometry-Quantita tive autoradiography -Stereo!ogy.
groups may be more generally described from Nissl-stained material as a lateral zone consisting primarily of fiber tracts surrounding a central nu cleus of densely packed neurons and synaptic telo dendria (van Noort, 1969) . Such a simplified two compartment division of the inferior colliculus is evident during the tonotopic processing of acoustic stimuli as assessed by metabolic and electrophysio logical mapping: audible tones more readily alter functional activity in the central nucleus than in the lateral zone (Ryan et al., 1982; Serviere et al., 1984; Stiebler and Ehret, 1985) .
Evaluated together in the same study (e.g., Gjedde and Diemer, 1985) , the structure and physi ology of the capillary network within individual brain nuclei such as the inferior colliculus could be used to further examine the hypothesis of chronic "coupling" among cerebral activity, glucose me tabolism, blood flow, and density of the tissue cap illary bed (Roy and Sherrington, 1890; Craigie, 1920; Dunning and Wolff, 1937; Sokoloff, 1981; Cremer et al., 1983; Kuschinsky, 1983) . By applica tion of light microscopic morphometry and quanti-tative autoradiography, it was possible in the present experiments to spatially relate various characteristics of microvascular structure and physiology in the inferior colliculus to its tissue me tabolism and cytoarchitecture and thus test this hy pothetical coupling within one cerebral nucleus.
METHODS

Morphometric studies
Male Sprague-Dawley rats weighing 250-300 g were purchased commercially and maintained for several days in an animal care facility. At the time of the experiments, they had no signs of ear infection. The rats were anesthe tized with sodium pentobarbital (40 mg/kg i.p.) and per fused initially with heparinized 0.1 M phosphate buffer, pH 7.4, at 37"C via a cannula in the left ventricle. A second perfusion through the same cannula was made with a solution of 2% paraformaldehyde and 2% glutaral dehyde in the same buffer. The brain was removed and stored for at least 24 h in cold, buffered 2% glutaralde hyde.
Blocks (200-f.Lm-thick coronal sections) of inferior col liculus were cut serially on a vibratome throughout the entire rostrocaudal axis of the structure. With sequence and orientation maintained, the blocks were washed in several changes of 0.1 M phosphate buffer and were postfixed in buffered 1 % osmium tetroxide. These sec tions were then dehydrated through a graded series of alcohols and propylene oxide and flat-embedded in Embed 812. From each tissue specimen, 2-f.Lm-thick sec tions were cut with glass knives from the rostral-facing side of the block, stained with 1% toluidine blue, and stored in correct sequence and orientation so that ap proximate intervals of 200 f.Lm were preserved.
Photographs of the sections were taken with a Nikon Optiphot at a magnification of x 50 and enlarged x 8. Montages of the photographs were assembled to allow inspection of the entire colliculus and establish its lateral and central zones (Fig. lA) . All cross-sectioned micro vessels within these zones having profiles with diameters of <7.5 f.Lm were counted and analyzed. Hereafter, these vessel profiles are called "capillaries" according to the criteria of Bar (1980) and Gross et al. (1986) .
A Microplan II image analysis system was used for the quantitative analysis of total tissue area, the number and area of capillaries within the measured area, and average capillary diameter d. From these measurements we cal culated the capillary density (number of capillaries per square millimeter of tissue area), volume fraction Vv (% volume of capillaries within the tissue area), length per unit volume Lv = [VvlTI(d/2) 2 X 104], and surface area per unit volume Sv = (TId Lv x 10 -3) of capillaries within the region of interest according to stereological theory and formulas (Weibel et aI., 1966; Bar, 1980; Gross et aI., 1986; Sposito and Gross, 1987) . Following a preliminary analysis, the data were grouped in the rostrocaudal axis as three regions (rostral, central, and caudal) of -800 f.Lm in length each.
Physiological studies
Male Sprague-Dawley rats weighing 280-350 g were lightly anesthetized with 3% halothane in oxygen. Poly ethylene catheters were inserted into one femoral vein and in each femoral artery, the wounds were infiltrated with local anesthetic, and the hindquarters were wrapped loosely in a plaster bandage. The anesthetic gas was re moved and the rat was allowed to recover under a heating lamp for at least 2 h with the bandaged hindquarters taped to a lead block to restrain movement. During the recovery period, we measured arterial blood pressure, blood gases, and pH, hematocrit, and rectal temperature to ensure a normal physiological state before beginning the experiments. The experiments were conducted under normal ambient noise conditions of the laboratory.
Based upon previously published theory and tech niques described below, five physiological determina tions were made using radioactive tracers. As each method required measurement of radioactivity in arterial blood during the experiment, blood samples were drawn from a femoral artery at prescribed times and their levels of radioactivity assessed by scintillation or gamma counting.
At the conclusion of an experiment, the brain was re moved and frozen. The inferior colliculi were identified and cut in a cryostat at -17°C into 20-f.Lm-thick coronal sections that were collected consecutively in groups of six at 200-f.Lm intervals throughout the rostrocaudal axis. To facilitate analysis and comparisons with the morpho metric results, data were grouped in rostral, central, and caudal regions of -800 f.Lm of length each in the longitu dinal axis; these regions corresponded approximately to sections shown as Plates 31-33 in the atlas by Paxinos and Watson (1982) . Adjacent sections for each group were collected and stained with thionin for histological verification of cell divisions within the inferior colliculus. After drying on coverslips, the sections for autoradiog raphy were placed in cassettes with film for 5-21 days, the length of time depending on the tracer used. All anal yses of tissue radioactivity were conducted with quanti tative autoradiography and image processing (Goochee et aI., 1983) . By reference to thionin-stained sections, the cursor for the individual readings of optical density was placed only in the most centralized parts of the central nucleus or in the most lateral portions (lateral zone) of the inferior colliculus (e.g., Fig. 2 ). Three to 12 bilateral readings per area in each colliculus were taken to repre sent one section; three to nine sections were read for each of the three regions in each rat.
The following measurements were made locally in the inferior colliculus in separate groups of rats: (a) rate of tissue glucose metabolism, using [ 1 4C ]2-deoxyglucose in 45-min experiments (Sokoloff et aI., 1977) ; (b) rate of capillary blood flow, using ['4C]-iodoantipyrine in 30-s experiments (Sakurada et aI., 1978) ; (c) tissue micro vascular erythrocyte volume, using 5 1Cr-erythrocytes in 5-min experiments (Blasberg et aI., 1983; Cremer et aI., 1983) ; (d) tissue microvascular plasma volume, using 125 1_ albumin in 2-min experiments (Blasberg et aI., 1983; Cremer et aI., 1983) ; and (e) rate of blood-to-brain influx of a neutral and nonmetabolizable amino acid, ['4C]a aminoisobutyric acid, ([14C]AIB) in 7-min experiments (Blasberg et aI., 1983 ) (tissue levels of ['4C]AIB were cor rected for radioactivity remaining in the vascular com partment).
The experimental data were combined to derive the fol lowing indexes of microvascular physiology (Bias berg et aI., 1984; Gross et aI., 1986) 
Definition of inferior colliculus subregions
Although the colliculus can be subdivided into some 20 components [e.g., for the cat, Ta ble 1 of Morest and Oliver (1984) ], we chose to simplify the analysis by lim iting our study of coronal sections to a lateral zone sur rounding the central nucleus (Fig. lA) [classification of van Noort (1969») . This restriction was imposed because the regional detail within autoradiographs and stained sections was conservatively limited to only these two components ( Figs. 1 and 2) ; a more extensive and finite identification of other cellular subdivisions, as provided from Golgi studies Oliver and Morest, 1984) , was not possible. Lateral fiber tracts iden tified in sections stained with toluidine blue (Fig. lA) or thionin were used to guide selection of the boundary be tween zones in the coronal plane. In our analyses the central nucleus comprised all its parts plus the deepest layer (IV) of dorsal cortex as defined from Golgi-impreg nated sections by Morest and Oliver (1984) . The lateral zone corresponded to the lateral nucleus, dorsomedial nucleus, commissural nucleus, and superficial layers (1-
III) of the dorsal cortex (Morest and Oliver definitions).
The analysis did not include the subcollicular area, sa gulum, dorsal nucleus of the lateral lemniscus, cuneiform area, or central gray.
Statistics
All values are reported as means ± SE. Differences between the central nucleus and lateral zone were as sessed by paired t tests; those for each region within the central nucleus or lateral zone throughout the rostro caudal axis were evaluated with a single-factor analysis of variance and critical differences calculated by the Tu key method (Bruning and Kintz, 1977) . Linear regres sion analysis was used to discern correlations and derive prediction equations. Statistical significance was ac cepted at the 0.05 level.
RESULTS
Capillary morphometry
We analyzed a total of 28,669 capillaries in the lateral zone and 24,153 capillaries in the central nu zone and in the central nucleus, than in the rostral or caudal regions of the colliculus (Fig. 3) . or caudal regions ( Table 1) . Capillary diameter among different subregions did not vary signifi cantly (Table 1) .
Physiological status of conscious rats
A total of 25 conscious rats was used for studies of glucose metabolism, blood flow, erythrocyte volume, plasma volume, and AlB influx. The phys iological data for these animals were within the range of normal values (Table 2) .
Glucose metabolism
Rates of glucose utilization were higher in the central nucleus compared with the lateral zone (Table 3; Figs. 2 and 4). This pattern of metabolic activity was strongly correlated to the distribution of capillary density, which could be predicted ac curately from local rates of glucose utilization (Fig. 5) . Values are means ± SE, n = 25, except for glucose concen tration where n = 5.
Microvascular function
Differential rates of blood flow within the inferior colliculus were more difficult to discern in compar ison with those of glucose metabolism (Fig. 2) . Blood flow was not significantly higher in the cen tral nucleus compared with the lateral zone, and there were no significant differences in blood flow among regions in the rostrocaudal plane (Fig. 6) . When plotted against glucose metabolism or capil lary density, blood flow demonstrated significant relationships and could be accurately estimated from either of these other measures (Figs. 7 and 8 ).
Coronal and sagittal analyses of microvascular blood volume and AlB influx showed no significant heterogeneity within the rostrocaudal axis or within the two coronal zones of the inferior colliculus (Table 3) . The tissue hematocrit, extraction of AlB, and capillary PS product for AlB, parameters of tissue distribution derived from measurements of erythrocyte and plasma volumes, blood flow, and AlB influx, were somewhat larger in the central nu cleus than in the lateral zone; statistical analysis, however, proved these differences were not signifi cant (p > 0.05). Values are means ± SE obtained from sections in the central region of the rostrocaudal axis. AlB, a·aminoisobutyric acid; PS, permeability surface area.
a p < 0.05 compared with lateral zone.
DISCUSSION
Topographical relationships among cytoarchitec ture, capillary density, glucose metabolism, and blood flow within one cerebral nucleus, the inferior colliculus of the rat, were the main finding of this study. "Coupling" has been related quantitatively before, conventionally in terms of glucose trans port, metabolism, and blood flow (Sokoloff, 1981; Cremer et aI., 1983; Kuschinsky, 1983) . Gjedde and Diemer (1985) demonstrated recently that capil laries throughout the brain have the same transport properties for glucose; only capillary density and surface area vary across regions.
In 1920 Craigie stated that the significance of a varying capillary density in cerebral nuclei de pended "upon the unsolved problems of the funda mental nature of nervous processes and their rela tion to metabolic activity" (p. 460). Dunning and Wolff (1937) proposed that capillary density was greatest in those brain structures where neuropil was more prevalent than perikarya. Since these two reports, various studies have evaluated the linkage among neural activity, metabolism, blood flow, and capillary exchange, but only in the study of Gjedde and Diemer (1985) have some of these processes been examined together with a morphometric anal ysis of the respective capillary networks. .
.
More detailed examination of such couphng m the nervous system is afforded by a structure like the inferior colliculus because its cellular organiza tion and functional properties are distinct and well described Serviere et aI., 1984) , it can be readily analyzed with morp�o metric methods, and it is sufficiently large for m trastructural analysis by quantitative autoradiog raphy (Smith, 1983) . Golgi and Nissl studi�s de� onstrate a complex internal structure of the mfenor colliculus highlighted by diagonal laminae of den drites and axon terminals in the central nucleus . As evaluated by electr? physiology, tracing of neural tracts, and metabohc mapping (Ryan et aI., 1982; Serviere et aI., 1984; Stiebler and Ehret, 1985; Nudo and Masterton, 1986) , these laminations appear to be the cellular basis for tonotopic processing of acoustic stimuli within subregions of the inferior colliculus. Findings from metabolic studies indicate that local tissue glucose metabolism depends strongly on af- ferent neural traffic (Kadekaro et aI. , 1985; N udo and Masterton, 1986) . A manifestation of this chronic high rate of functional and metabolic ac tivity may be expressed in the density of the capil lary bed (Craigie, 1920; Kuschinsky, 1983) . The hypotheses of Craigie (1920) and Dunning and Wolff (1937) , which correlate capillary density (and, by inference, microvascular function) to cell structure and function, are further supported by knowledge of the collicular cells responding to au dible stimuli and by the high rates of glucose utili zation and blood flow in this structure (Landau et aI. , 1955; Sokoloff et aI., 1977; Sakurada et aI. , 1978;  Table 3 ). Interestingly, high blood flow in the colliculus may not be related to acoustic stimula tion at the time of measurement since paraffin blockage of the external ear or peripheral lesions in the auditory system do not substantially reduce its rate of perfusion [comments in Discussion of paper by Landau et aI. (1955) ].
Although both lateral and central zones of the in ferior colliculus have high rates of glucose metabo- . The distribution of these tracer sub stances over relatively short periods of time (�7 min) indicates mainly processes in the capillaries and other small blood vessels rather than cell group activity (as in measures of glucose utilization over 45 min); consequently, it is expected that they yield poorer autoradiographic resolution than with de oxyglucose. Longer experimental times may have increased local differences in the distribution of AlB [see Fig. 5 of Blasberg et aI. (1983) , which shows a 30-min pattern of AlB distribution in monkey brain]. Furthermore, the low rate of trans capillary AlB flux, its extraction, and PS product demonstrate the tightness of inferior colliculus cap illaries to the amino acid, another factor reducing tissue radioactivity and autoradiographic optical densities. Finally, the numbers of perfused capil laries in the six areas of the colliculus may be sim ilar under the conditions of the present study. This factor may be especially important for the small slopes in the correlations of capillary blood flow with capillary density and tissue glucose metabo lism (Figs. 7 and 8, respectively) .
Results from the present experiments indicate that capillary density varies within the inferior col liculus and that it can be correlated subjectively to the types and putative functions of cells in two areas of the colliculus throughout its longitudinal extent. The central nucleus is the site of densely packed perikarya, numerous dendritic laminae, and abundant terminal populations of axons projected primarily from the ipsilateral cochlear nucleus, lat-eral lemniscus, and superior olive Serviere et ai., 1984) . Electrophysio logical and metabolic mapping studies of cell layers in the central nucleus have revealed low thresholds to auditory stimuli that generally follow the laminar orientation of the dendritic fields and axon ter minals; these laminae also extend laterally toward the lateral zone, comprised predominantly of my elinated axons (Serviere et ai. , 1984; Stiebler and Ehret, 1985) . Furthermore, the central nucleus can be distinguished in its rostrocaudal axis by higher deoxyglucose labeling in the central and rostral re gions during tone stimulation with low frequencies (Ryan et aI., 1982) . These results are in general agreement with those of the present study.
The present results and those cited above collec tively provide a basis for understanding the distri bution of capillary densities in the inferior colli culus: (a) capillary density is highest in the neur opil-rich central nucleus, which has a higher rate of glucose metabolism compared with the relatively cell-poor lateral zone; and (b) capillary density is greater in the central and rostral regions, which have higher metabolic activity compared with the caudal region. These significant correlations be tween capillary density and tissue glucose metabo lism or blood flow within the inferior colliculus support the original hypotheses of Craigie (1920) and Dunning and Wolff (1937) that a link exists in nervous tissue between the complexity of neural activity and capillary bed density.
